Aim: To assess whether restoration of dry eucalypt-dominated plant communities on ex-pasture sites is constrained by soil characteristics.
| INTRODUC TI ON
Experience worldwide has demonstrated that when aiming to restore native plant communities, historical legacies can create enduring limitations on restoration success so that sites often remain distinct from their target ecosystems (Cramer, Hobbs, & Standish, 2008; Matzek, Warren, & Fisher, 2016) . Such legacies are prevalent in ecosystems previously cleared of natural vegetation and developed for agriculture (Flinn & Vellend, 2005) . Significant ecological, chemical and physical changes that occur include loss of original soil biodiversity and function, increased fertility levels and soil structural changes (Brussaard, 1997; Marrs, 1993) . The persistence of exotic plant communities with their unique suites of soil biota can reinforce the stability of these soil changes (Kulmatiski, Beard, & Stark, 2006) . These environmental conditions can be major factors contributing to stable alternate states which present barriers to the re-establishment of native plants (Hamman & Hawkes, 2013; K.N. Suding, Gross, & Houseman, 2004) .
Such barriers can be explained by adaptations of plants to their soil environment; many wild plants have evolved in infertile environments and have nutrient acquisition and use strategies that contrast markedly with agricultural and exotic species adapted to fertile soil conditions (Chapin, 1980) . Accordingly, less productive woodland systems have soils characterized by high total carbon to nitrogen (C:N) ratios, low rates of litter turnover, low nitrification, fungi-dominated nutrient cycles, high abundance of arthropods and highly conserved nutrient cycles (Chapman, Langley, Hart, & Koch, 2006; Wardle et al., 2004) . Conversion to non-native pasture precipitates the evolution of a distinctly different soil system typified by low C:N, high-turnover high-quality litter, high nitrate availability, bacteria-based nutrient cycling, earthworms and extravagant nutrient cycles (Chapman et al., 2006; Wardle et al., 2004) .
Successful re-establishment of natural forest ecosystems on old-field pasture sites should therefore be paralleled by a positive shift in soil C:N, reduced soil nutrient availability and reversion from bacterial-to fungal-dominated food webs (Holtkamp et al., 2008; Kardol & Wardle, 2010) . Such a re-ordering necessarily involves the interruption of existing soil ecological networks and the building of new ones. Plants have often been considered as key drivers in soil change (Angers & Caron, 1998; Binkley, 1995) , however plant soil interactions and recovery dynamics can be unpredictable (Eviner & Hawkes, 2008; Wallington, Hobbs, & Moore, 2005) . In many instances, some plant species tend to be followers rather than facilitators of ecosystem change, therefore changes in soil community structure may actually precede plant community transformation and be a prerequisite for the above-ground change (Morriën et al., 2017; Wubs, van der Putten, Bosch, & Bezemer, 2016) . This underlies a potential for recalcitrance in ecological restorations, where the reestablishment of above-ground ecological communities is retarded by delays to below-ground recovery.
We propose that soil nutrient analysis, in particular C and N stocks, may provide a useful means to track soil transformation, thus providing an indicator of restoration progress. The relative consistency of soil C:N within biomes and divergence between them is influenced by the elemental composition of plant litter, a dominant original source of soil C and N, and the microbial community, which can be a dominant pathway through which C enters the soil organic matter pool (Cleveland & Liptzin, 2007; Godbold et al., 2006) . We therefore investigated the progress of soil transformation in restoration plantings by studying changes in a range of nutrient characteristics. The study area was formerly native eucalypt woodland but throughout the 19th and 20th centuries much of this region was cleared and converted to cattle and sheep pastures, dominated by exotic pasture species. Within our study system, post-agricultural restoration has resulted in moderately successful establishment of Eucalyptus tree species (Close, Davidson, Churchill, & Corkrey, 2010) , but both active planting and natural recruitment have failed to establish a native forest understorey. To assess whether nutrient status is also recalcitrant we compared soil characteristics within three land management classes: unmanaged remnant native forest (forest), managed non-native pastures (pasture) and attempted forest restoration on old pasture sites (restoration). We hypothesized (a) that forest soils would exhibit substantially higher C:N and lower nutri- Prior to European occupation of the region in the early 19th century, vegetation throughout the region is believed to have consisted predominantly of eucalypt woodland types with small areas of treeless plains and wetlands (Fensham, 1989) . This study employed 11 pasture sites, 12 forest sites and 11 restoration sites. Sites were selected so that each management class was represented across a broad geographic area (Figure 1 ). The pasture sites were chosen as having been cleared, cultivated, fertilized and sown to pasture grasses followed by a minimum of 40 years of continuous grazing by sheep or cattle. These sites contained few or no native species (Appendix S1).
| ME THODS
The restoration sites were pasture sites that had previously satisfied the above criteria prior to replanting with native species. Site preparation mirrored contemporary silvicultural techniques which use a combination of ploughing and herbicide treatment with the aim of removing competition and improving moisture retention (Close & Davidson, 2003) . Although Eucalyptus species have established well at all of these sites and appear healthy, there has been little to no establisment of native forest understorey species. Instead, the understoreys remain dominated by exotic pasture grasses and weedy species. Time since establishment ranged between 3 and 22 years.
The forest sites had no history of land clearance, cultivation or fertilization and no or low intensity grazing. Each of the forest sites was eucalypt woodland with varying eucalypt species, abundant native plant recruitment and few exotic plant species.
At each site, a 25 m × 25 m plot was selected on the basis that it reasonably reflected the typical vegetation, soil and topographic characteristics of the site. A central pit was dug within each plot to a depth of ca. 40 cm and the soil profile photographed. Sub-samples of soil were then collected at ten random points around the central pit at two depths: 0-10 and 20-30 cm. For each depth sub-samples were combined and mixed thoroughly in plastic bags to produce a single sample per depth per site. Samples were then air-dried at ca.
20°C and sieved to <2 mm. 
| Soil chemical analysis

| Data analysis
For each of the measured soil parameters (total C, total N, total C:N ratio, nitrate, pH, total N and Colwell P) a two-way factorial ANOVA was conducted with land management classes (forest, pasture or restoration) and depth interval (0-10 cm vs. 20-30 cm) as factors. Post-hoc comparisons among treatments were made using Tukey's HSD. Pearson correlations among soil parameters for each management class were tested. For restoration sites this also included correlations with age of restoration. Data was log-transformed where conditions of normality were not met.
All tests were implemented using R (R Foundation for Statistical
Computing, Vienna, Austria).
| RE SULTS
For each treatment at each depth, total soil C was tightly The patterns in C:N were similar to differences among site types in total nitrate, pH and available P, but not in total C, organic C or ammonium. Thus, forest was significantly (p < 0.05) lower than both restoration and pasture in percentage total N, NO 3 , pH and Colwell P (Figure 4 ), but there were no significant differences among management classes in percentage total C, NH 4 and percentage organic C (p > 0.05; Figure 5 ). As with C:N, there were no significant differences between restoration and pasture for any of the soil traits tested (p > 0.05; Figure 6 ). There was no significant correlation between age of plantings and any of these variables at either soil depth ( Figure 7 ).
| D ISCUSS I ON
Our results point to a pasture-type stable state persisting within the restoration soils. The fact that our measured soil characteristics did not differ significantly between pasture and restoration across a wide range of restoration site ages suggests that the current soil system is highly resistant to change. The clearly divergent C:N of our pasture and forest reference sites (Figure 3 ) was driven by differences in total N while total and organic C were not significantly different between management classes. These results both confirm our ecotype predictions and support the use of soil C:N as a proxy for below-ground ecotype across these systems. 
| Stability mechanisms
Multiple factors influence the stability of a soil system. Within microbial communities, resistance and resilience are particularly governed by soil physiochemical structure, which relate to soil history and disturbance regime (Griffiths & Philippot, 2013; Lauber, Strickland, Bradford, & Fierer, 2008 ). An additional legacy from long-term grazing is the entrenchment of exotic pasture grasses and annual weedy species. The persistence of these species contributes to a recalcitrant state via plant-soil feedbacks, in particular advantage to this exotic plant/microbe community. As a significant contributor to soil organic matter (Miltner, Bombach, SchmidtBrücken, & Kästner, 2012) , microbe communities also strongly influence soil C:N via the stoichiometry of elemental pools within their living biomass, detritus and stable metabolites (Clemmensen et al., 2013; Lovett, Weathers, & Arthur, 2002; Manzoni, Trofymow, Jackson, & Porporato, 2010; Miltner et al., 2012; Prescott, 2010; Six, Frey, Thiet, & Batten, 2006) . Alternate soil biota that can drive ecosystem changes may lack dispersal vectors or confront niche limitations (Harris, 2009 ). Where dispersal is not a limitation, soil community composition may be controlled along nutrient gradients (Nilsson, Giesler, Bååth, & Wallander, 2005) . For example a low C:N soil environment is likely to present a C limitation for prospective forest microbe recruits (Gallardo & Schlesinger, 1992) . In our restoration sites this competitive disadvantage is exacerbated because eucalypts adapt to high nutrient conditions by de-coupling or reducing C allocation to mycorrhizal symbionts (Högberg, Bååth, Nordgren, Arnebrant, & Högberg, 2003; Treseder, 2004; Zheng, Hu, Guo, Anderson, & Powell, 2017) .
| Eucalypts fail to drive changes in restoration soils
There is a common understanding that eucalypts are keystone species with a disproportionally large contribution to ecosystem function (Manning, Fischer, & Lindenmayer, 2006) . However, the lack of soil transformation found in this study implies that eucalypts have had limited influence on soil succession. This suggests the eucalypts in this system are more adaptors to pasture soil conditions rather than drivers of change. Adaptability to diverse soil conditions is a hallmark of many eucalypt species, as evidenced by their adoption worldwide as a plantation species (Turnbull, 1999) . Additionally, the prevalence of eucalypts as paddock trees throughout rural Australian environments suggests a tolerance to higher fertility levels and nitrifying systems. While these environments have been found to increase eucalypt vulnerability to environmental stresses (Close et al., 2010; Davidson et al., 2007; Philippot, Raaijmakers, Lemanceau, & van der Putten, 2013) and reduce natural recruitment (Dorrough & Moxham, 2005) , within our study sites active planting has resulted F I G U R E 6 Percentage total C, NH 4 and percentage organic C for management classes at two soil depths. There were no significant differences at either depth interval. Total C and NH 4 data were log-transformed for statistical analysis in eucalypt populations that are seemingly well adapted to pasture fertility levels.
The absence of native understorey species in our restoration sites suggests that soil recalcitrance presents significant barriers to both active establishment and natural recruitment, as described in other systems by Hamman and Hawkes (2013) . Most native plant species have obligate microbial associations which assist resource acquisition and provide biological defence (Berendsen, Pieterse, & Bakker, 2012) . Resource limitation is an important driver in mycorrhizae formation (Johnson, Wilson, Bowker, Wilson, & Miller, 2010) , therefore high nutrient concentrations and the probable absence of forest microbial communities may compromise formation of these associations. This is likely to result in establishment failure for native species less amenable to these conditions. In short, the unchallenged persistence of exotic plant and below-ground communities within this relatively high pH and nitrifying environment is likely to be the major barrier to understorey recruitment.
| Intervention
Despite early enthusiasm for overcoming obstacles to ecological restorations (Bradshaw, 1983) , diversity within post-agricultural forests worldwide is constrained by long-term changes to soil properties which may persist for centuries (Dupouey, Dambrine, Laffite, & Moares, 2002; Flinn & Vellend, 2005) . Recalcitrance within restoration plantings must therefore be countered by active interventions that accelerate and direct successional processes.
While pre-planting preparation on our study sites focused on the removal of competitive pasture species through cultivation and herbicide treatment, surviving soil seed banks and natural seed dispersal may have contributed to the recovery and persistence of pasture and exotic annual species amenable to the relatively fertile conditions. Fertility reduction has long been recognized as an integral step in the re-establishment of many natural environments (Gough & Marrs, 1990; Marrs, 1985) . In preparation for native direct seeding, Gibson-Roy, Moore, and Delpratt (2010) found that "scalping" or removal of surface soil, in combination with herbicide, was effective for initial weed suppression, removal of the exotic seed bed and also provided an immediate reduction in fertility. In contrast, biomass removal through fire or harvesting achieves a gradual depletion of soil nutrients over time (Bakker & Berendse, 1999) . Top soil removal can also reduce pre-existing microbial communities, effectively reducing competition and improving the efficacy of soil inoculations which in turn can steer plant community development (Carbajo, Den Braber, Van Der Putten, & De Deyn, 2011; Wubs et al., 2016) .
While potentially only practical on a smaller scale, the addition of high C:N amendments such as sawdust or wood chips has been shown to effect long-term reductions in nitrate and P availability, improve soil biophysical condition and reduce exotic plant biomass (Prober, Stol, Piper, Gupta, & Cunningham, 2014 Similarly, the facilitating role of "eco engineer" plant species offers opportunities where species-specific effects can directly influence soil properties through marked differences in the production and chemistry of plant litter (Lovett et al., 2002) . The influence of plant metabolites on decomposition has significant consequences for nutrient competition between plants and microbes, nutrient recycling and retention (Hättenschwiler & Vitousek, 2000) . Such plant feedback mechanisms can provide a desired shift in the plant/microbe loop resulting in significant root zone modifications such as increases in C:N, inhibition of nitrification and modification of pH (Gunina, Smith, Godbold, Jones, & Kuzyakov, 2017; Lodhi, 1978; Osanai et al., 2012; Quideau et al., 2001; You, Dalal, & Huang, 2016) . Robust, more easily established sub-dominants such as native grasses, shrubs and bracken can effectively reduce soil compaction, improve water infiltration and may also act as a nutrient sink, effectively reducing soil nutrient availability (McGlone, Wilmshurst, & Leach, 2005) . Such species can also assist in the competitive exclusion of exotic weeds, additionally the role of particular species as nurse plants has long been recognized (Went, 1942) .
We suggest that interventions may need to be applied in a sequential manner whereby initial transformations create a protective niche for the later introduction of sensitive native species (Gallegos, Hensen, Saavedra, & Schleuning, 2015; Yates, Hobbs, & Atkins, 2000) . This may be particularly important where obligate associations are involved (Kardol & Wardle, 2010) .
| CON CLUS ION
While it has been noted that soil transformation processes can occur naturally after the cessation of agriculture (Maharning, Mills, & Adl, 2009 ), both here and in many other systems throughout the world the challenges of re-establishing native plant communities within exagricultural landscapes persist (Flinn & Vellend, 2005) . In deference to their iconic status and role as keystone species, there has been a concerted effort within our study region to prioritize the establishment of eucalypts. The apparent success of putting trees back into the landscape has not been mirrored in regard to outcomes for native biodiversity or soil function. This highlights the importance of a soil ecological focus and the need for active and calculated interventions which short-cut natural time lines toward a desired trajectory (Callaham, Rhoades, & Heneghan, 2008; Heneghan et al., 2008) . In this study nutrient levels provide a strong and practical signature of soil change, indicating that these restoration sites remain trapped in an alternate state.
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